
First Observation of D + → ημ+ νμ and Measurement of Its Decay Dynamics

M. Ablikim,1 M. N. Achasov,10,c P. Adlarson,64 S. Ahmed,15 M. Albrecht,4 A. Amoroso,63a,63c Q. An,60,48 Anita,21

X. H. Bai,54 Y. Bai,47 O. Bakina,29 R. Baldini Ferroli,23a I. Balossino,24a Y. Ban,38,k K. Begzsuren,26 J. V. Bennett,5

N. Berger,28 M. Bertani,23a D. Bettoni,24a F. Bianchi,63a,63c J. Biernat,64 J. Bloms,57 A. Bortone,63a,63c I. Boyko,29

R. A. Briere,5 H. Cai,65 X. Cai,1,48 A. Calcaterra,23a G. F. Cao,1,52 N. Cao,1,52 S. A. Cetin,51b J. F. Chang,1,48 W. L. Chang,1,52

G. Chelkov,29,b D. Y. Chen,6 G. Chen,1 H. S. Chen,1,52 M. L. Chen,1,48 S. J. Chen,36 X. R. Chen,25 Y. B. Chen,1,48

W. S. Cheng,63c G. Cibinetto,24a F. Cossio,63c X. F. Cui,37 H. L. Dai,1,48 J. P. Dai,42,g X. C. Dai,1,52 A. Dbeyssi,15

R. B. de Boer,4 D. Dedovich,29 Z. Y. Deng,1 A. Denig,28 I. Denysenko,29 M. Destefanis,63a,63c F. De Mori,63a,63c Y. Ding,34

C. Dong,37 J. Dong,1,48 L. Y. Dong,1,52 M. Y. Dong,1,48,52 S. X. Du,68 J. Fang,1,48 S. S. Fang,1,52 Y. Fang,1 R. Farinelli,24a

L. Fava,63b,63c F. Feldbauer,4 G. Felici,23a C. Q. Feng,60,48 M. Fritsch,4 C. D. Fu,1 Y. Fu,1 X. L. Gao,60,48 Y. Gao,38,k Y. Gao,61

Y. G. Gao,6 I. Garzia,24a,24b E. M. Gersabeck,55 A. Gilman,56 K. Goetzen,11 L. Gong,37 W. X. Gong,1,48 W. Gradl,28

M. Greco,63a,63c L. M. Gu,36 M. H. Gu,1,48 S. Gu,2 Y. T. Gu,13 C. Y. Guan,1,52 A. Q. Guo,22 L. B. Guo,35 R. P. Guo,40

Y. P. Guo,9,h Y. P. Guo,28 A. Guskov,29 S. Han,65 T. T. Han,41 T. Z. Han,9,h X. Q. Hao,16 F. A. Harris,53 K. L. He,1,52

F. H. Heinsius,4 T. Held,4 Y. K. Heng,1,48,52 M. Himmelreich,11,f T. Holtmann,4 Y. R. Hou,52 Z. L. Hou,1 H. M. Hu,1,52

J. F. Hu,42,g T. Hu,1,48,52 Y. Hu,1 G. S. Huang,60,48 L. Q. Huang,61 X. T. Huang,41 Y. P. Huang,1 Z. Huang,38,k N. Huesken,57

T. Hussain,62 W. Ikegami Andersson,64 W. Imoehl,22 M. Irshad,60,48 S. Jaeger,4 S. Janchiv,26,j Q. Ji,1 Q. P. Ji,16 X. B. Ji,1,52

X. L. Ji,1,48 H. B. Jiang,41 X. S. Jiang,1,48,52 X. Y. Jiang,37 J. B. Jiao,41 Z. Jiao,18 S. Jin,36 Y. Jin,54 T. Johansson,64

N. Kalantar-Nayestanaki,31 X. S. Kang,34 R. Kappert,31 M. Kavatsyuk,31 B. C. Ke,43,1 I. K. Keshk,4 A. Khoukaz,57

P. Kiese,28 R. Kiuchi,1 R. Kliemt,11 L. Koch,30 O. B. Kolcu,51b,e B. Kopf,4 M. Kuemmel,4 M. Kuessner,4 A. Kupsc,64

M. G. Kurth,1,52 W. Kühn,30 J. J. Lane,55 J. S. Lange,30 P. Larin,15 L. Lavezzi,63c H. Leithoff,28 M. Lellmann,28 T. Lenz,28

C. Li,39 C. H. Li,33 Cheng Li,60,48 D. M. Li,68 F. Li,1,48 G. Li,1 H. B. Li,1,52 H. J. Li,9,h J. L. Li,41 J. Q. Li,4 Ke Li,1 L. K. Li,1

Lei Li,3 P. L. Li,60,48 P. R. Li,32 S. Y. Li,50 W. D. Li,1,52 W. G. Li,1 X. H. Li,60,48 X. L. Li,41 Z. B. Li,49 Z. Y. Li,49 H. Liang,60,48

H. Liang,1,52 Y. F. Liang,45 Y. T. Liang,25 L. Z. Liao,1,52 J. Libby,21 C. X. Lin,49 B. Liu,42,g B. J. Liu,1 C. X. Liu,1 D. Liu,60,48

D. Y. Liu,42,g F. H. Liu,44 Fang Liu,1 Feng Liu,6 H. B. Liu,13 H. M. Liu,1,52 Huanhuan Liu,1 Huihui Liu,17 J. B. Liu,60,48

J. Y. Liu,1,52 K. Liu,1 K. Y. Liu,34 Ke Liu,6 L. Liu,60,48 Q. Liu,52 S. B. Liu,60,48 Shuai Liu,46 T. Liu,1,52 X. Liu,32 Y. B. Liu,37

Z. A. Liu,1,48,52 Z. Q. Liu,41 Y. F. Long,38,k X. C. Lou,1,48,52 F. X. Lu,16 H. J. Lu,18 J. D. Lu,1,52 J. G. Lu,1,48 X. L. Lu,1 Y. Lu,1

Y. P. Lu,1,48 C. L. Luo,35 M. X. Luo,67 P. W. Luo,49 T. Luo,9,h X. L. Luo,1,48 S. Lusso,63c X. R. Lyu,52 F. C. Ma,34 H. L. Ma,1

L. L. Ma,41 M. M. Ma,1,52 Q. M. Ma,1 R. Q. Ma,1,52 R. T. Ma,52 X. N. Ma,37 X. X. Ma,1,52 X. Y. Ma,1,48 Y. M. Ma,41

F. E. Maas,15 M. Maggiora,63a,63c S. Maldaner,28 S. Malde,58 Q. A. Malik,62 A. Mangoni,23b Y. J. Mao,38,k Z. P. Mao,1

S. Marcello,63a,63c Z. X. Meng,54 J. G. Messchendorp,31 G. Mezzadri,24a T. J. Min,36 R. E. Mitchell,22 X. H. Mo,1,48,52

Y. J. Mo,6 N. Yu. Muchnoi,10,c H. Muramatsu,56 S. Nakhoul,11,f Y. Nefedov,29 F. Nerling,11,f I. B. Nikolaev,10,c Z. Ning,1,48

S. Nisar,8,i S. L. Olsen,52 Q. Ouyang,1,48,52 S. Pacetti,23b,23c X. Pan,9,h Y. Pan,55 A. Pathak,1 P. Patteri,23a M. Pelizaeus,4

H. P. Peng,60,48 K. Peters,11,f J. Pettersson,64 J. L. Ping,35 R. G. Ping,1,52 A. Pitka,4 R. Poling,56 V. Prasad,60,48 H. Qi,60,48

H. R. Qi,50 M. Qi,36 T. Y. Qi,9 T. Y. Qi,2 S. Qian,1,48 W.-B. Qian,52 Z. Qian,49 C. F. Qiao,52 L. Q. Qin,12 X. P. Qin,13

X. S. Qin,4 Z. H. Qin,1,48 J. F. Qiu,1 S. Q. Qu,37 K. H. Rashid,62 K. Ravindran,21 C. F. Redmer,28 A. Rivetti,63c V. Rodin,31

M. Rolo,63c G. Rong,1,52 Ch. Rosner,15 M. Rump,57 A. Sarantsev,29,d Y. Schelhaas,28 C. Schnier,4 K. Schoenning,64

D. C. Shan,46 W. Shan,19 X. Y. Shan,60,48 M. Shao,60,48 C. P. Shen,9 P. X. Shen,37 X. Y. Shen,1,52 H. C. Shi,60,48 R. S. Shi,1,52

X. Shi,1,48 X. D. Shi,60,48 J. J. Song,41 Q. Q. Song,60,48 W.M. Song,27,1 Y. X. Song,38,k S. Sosio,63a,63c S. Spataro,63a,63c

F. F. Sui,41 G. X. Sun,1 J. F. Sun,16 L. Sun,65 S. S. Sun,1,52 T. Sun,1,52 W. Y. Sun,35 Y. J. Sun,60,48 Y. K. Sun,60,48 Y. Z. Sun,1

Z. T. Sun,1 Y. H. Tan,65 Y. X. Tan,60,48 C. J. Tang,45 G. Y. Tang,1 J. Tang,49 V. Thoren,64 B. Tsednee,26 I. Uman,51d B. Wang,1

B. L. Wang,52 C.W. Wang,36 D. Y. Wang,38,k H. P. Wang,1,52 K. Wang,1,48 L. L. Wang,1 M. Wang,41 M. Z. Wang,38,k

Meng Wang,1,52 W. H. Wang,65 W. P. Wang,60,48 X. Wang,38,k X. F. Wang,32 X. L. Wang,9,h Y. Wang,49 Y. Wang,60,48

Y. D. Wang,15 Y. F. Wang,1,48,52 Y. Q. Wang,1 Z. Wang,1,48 Z. Y. Wang,1 Ziyi Wang,52 Zongyuan Wang,1,52 D. H. Wei,12

P. Weidenkaff,28 F. Weidner,57 S. P. Wen,1 D. J. White,55 U. Wiedner,4 G. Wilkinson,58 M. Wolke,64 L. Wollenberg,4

J. F. Wu,1,52 L. H. Wu,1 L. J. Wu,1,52 X. Wu,9,h Z. Wu,1,48 L. Xia,60,48 H. Xiao,9,h S. Y. Xiao,1 Y. J. Xiao,1,52 Z. J. Xiao,35

X. H. Xie,38,k Y. G. Xie,1,48 Y. H. Xie,6 T. Y. Xing,1,52 X. A. Xiong,1,52 G. F. Xu,1 J. J. Xu,36 Q. J. Xu,14 W. Xu,1,52 X. P. Xu,46

F. Yan,9,h L. Yan,9,h L. Yan,63a,63c W. B. Yan,60,48 W. C. Yan,68 Xu Yan,46 H. J. Yang,42,g H. X. Yang,1 L. Yang,65

R. X. Yang,60,48 S. L. Yang,1,52 Y. H. Yang,36 Y. X. Yang,12 Yifan Yang,1,52 Zhi Yang,25 M. Ye,1,48 M. H. Ye,7 J. H. Yin,1

Z. Y. You,49 B. X. Yu,1,48,52 C. X. Yu,37 G. Yu,1,52 J. S. Yu,20,l T. Yu,61 C. Z. Yuan,1,52 W. Yuan,63a,63c X. Q. Yuan,38,k

PHYSICAL REVIEW LETTERS 124, 231801 (2020)

0031-9007=20=124(23)=231801(9) 231801-1 Published by the American Physical Society



Y. Yuan,1 Z. Y. Yuan,49 C. X. Yue,33 A. Yuncu,51b,a A. A. Zafar,62 Y. Zeng,20,l B. X. Zhang,1 Guangyi Zhang,16

H. H. Zhang,49 H. Y. Zhang,1,48 J. L. Zhang,66 J. Q. Zhang,4 J. W. Zhang,1,48,52 J. Y. Zhang,1 J. Z. Zhang,1,52

Jianyu Zhang,1,52 Jiawei Zhang,1,52 L. Zhang,1 Lei Zhang,36 S. Zhang,49 S. F. Zhang,36 T. J. Zhang,42,g X. Y. Zhang,41

Y. Zhang,58 Y. H. Zhang,1,48 Y. T. Zhang,60,48 Yan Zhang,60,48 Yao Zhang,1 Yi Zhang,9,h Z. H. Zhang,6 Z. Y. Zhang,65

G. Zhao,1 J. Zhao,33 J. Y. Zhao,1,52 J. Z. Zhao,1,48 Lei Zhao,60,48 Ling Zhao,1 M. G. Zhao,37 Q. Zhao,1 S. J. Zhao,68

Y. B. Zhao,1,48 Y. X. Zhao,25 Z. G. Zhao,60,48 A. Zhemchugov,29,b B. Zheng,61 J. P. Zheng,1,48 Y. Zheng,38,k Y. H. Zheng,52

B. Zhong,35 C. Zhong,61 L. P. Zhou,1,52 Q. Zhou,1,52 X. Zhou,65 X. K. Zhou,52 X. R. Zhou,60,48 A. N. Zhu,1,52 J. Zhu,37

K. Zhu,1 K. J. Zhu,1,48,52 S. H. Zhu,59 W. J. Zhu,37 X. L. Zhu,50 Y. C. Zhu,60,48 Z. A. Zhu,1,52 B. S. Zou,1 and J. H. Zou1

(BESIII Collaboration)

1Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2Beihang University, Beijing 100191, People’s Republic of China

3Beijing Institute of Petrochemical Technology, Beijing 102617, People’s Republic of China
4Bochum Ruhr-University, D-44780 Bochum, Germany

5Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6Central China Normal University, Wuhan 430079, People’s Republic of China

7China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China
8COMSATS University Islamabad, Lahore Campus, Defence Road, Off Raiwind Road, 54000 Lahore, Pakistan

9Fudan University, Shanghai 200443, People’s Republic of China
10G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
11GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany

12Guangxi Normal University, Guilin 541004, People’s Republic of China
13Guangxi University, Nanning 530004, People’s Republic of China

14Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
15Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

16Henan Normal University, Xinxiang 453007, People’s Republic of China
17Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

18Huangshan College, Huangshan 245000, People’s Republic of China
19Hunan Normal University, Changsha 410081, People’s Republic of China

20Hunan University, Changsha 410082, People’s Republic of China
21Indian Institute of Technology Madras, Chennai 600036, India

22Indiana University, Bloomington, Indiana 47405, USA
23aINFN Laboratori Nazionali di Frascati, I-00044, Frascati, Italy

23bINFN Sezione di Perugia, I-06100, Perugia, Italy
23cUniversity of Perugia, I-06100, Perugia, Italy

24aINFN Sezione di Ferrara, I-44122, Ferrara, Italy
24bUniversity of Ferrara, I-44122, Ferrara, Italy

25Institute of Modern Physics, Lanzhou 730000, People’s Republic of China
26Institute of Physics and Technology, Peace Ave. 54B, Ulaanbaatar 13330, Mongolia

27Jilin University, Changchun 130012, People’s Republic of China
28Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

29Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
30Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany

31KVI-CART, University of Groningen, NL-9747 AA Groningen, The Netherlands
32Lanzhou University, Lanzhou 730000, People’s Republic of China

33Liaoning Normal University, Dalian 116029, People’s Republic of China
34Liaoning University, Shenyang 110036, People’s Republic of China

35Nanjing Normal University, Nanjing 210023, People’s Republic of China
36Nanjing University, Nanjing 210093, People’s Republic of China
37Nankai University, Tianjin 300071, People’s Republic of China
38Peking University, Beijing 100871, People’s Republic of China

39Qufu Normal University, Qufu 273165, People’s Republic of China
40Shandong Normal University, Jinan 250014, People’s Republic of China

41Shandong University, Jinan 250100, People’s Republic of China
42Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China

43Shanxi Normal University, Linfen 041004, People’s Republic of China
44Shanxi University, Taiyuan 030006, People’s Republic of China

PHYSICAL REVIEW LETTERS 124, 231801 (2020)

231801-2



 

45Sichuan University, Chengdu 610064, People’s Republic of China
46Soochow University, Suzhou 215006, People’s Republic of China
47Southeast University, Nanjing 211100, People’s Republic of China

48State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026, People’s Republic of China
49Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

50Tsinghua University, Beijing 100084, People’s Republic of China
51aAnkara University, 06100 Tandogan, Ankara, Turkey

51bIstanbul Bilgi University, 34060 Eyup, Istanbul, Turkey
51cUludag University, 16059 Bursa, Turkey

51dNear East University, Nicosia, North Cyprus, Mersin 10, Turkey
52University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

53University of Hawaii, Honolulu, Hawaii 96822, USA
54University of Jinan, Jinan 250022, People’s Republic of China

55University of Manchester, Oxford Road, Manchester, M13 9PL, United Kingdom
56University of Minnesota, Minneapolis, Minnesota 55455, USA

57University of Muenster, Wilhelm-Klemm-Str. 9, 48149 Muenster, Germany
58University of Oxford, Keble Rd, Oxford OX13RH, United Kingdom

59University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
60University of Science and Technology of China, Hefei 230026, People’s Republic of China

61University of South China, Hengyang 421001, People’s Republic of China
62University of the Punjab, Lahore-54590, Pakistan

63aUniversity of Turin, I-10125, Turin, Italy
63bUniversity of Eastern Piedmont, I-15121, Alessandria, Italy

63cINFN, I-10125, Turin, Italy
64Uppsala University, Box 516, SE-75120 Uppsala, Sweden

65Wuhan University, Wuhan 430072, People’s Republic of China
66Xinyang Normal University, Xinyang 464000, People’s Republic of China

67Zhejiang University, Hangzhou 310027, People’s Republic of China
68Zhengzhou University, Zhengzhou 450001, People’s Republic of China

(Received 26 March 2020; accepted 22 May 2020; published 9 June 2020)

By analyzing a data sample corresponding to an integrated luminosity of 2.93 fb−1 collected at a
center-of-mass energy of 3.773 GeV with the BESIII detector, we measure for the first time the absolute
branching fraction of the Dþ → ημþνμ decay to be BDþ→ημþνμ ¼ ð10.4� 1.0stat � 0.5systÞ × 10−4. Using

the world averaged value of BDþ→ηeþνe , the ratio of the two branching fractions is determined to be
BDþ→ημþνμ=BDþ→ηeþνe ¼ 0.91� 0.13ðstatþsystÞ, which agrees with the theoretical expectation of lepton

flavor universality within uncertainty. By studying the differential decay rates in five four-momentum
transfer intervals, we obtain the product of the hadronic form factor fηþð0Þ and the c → d Cabibbo-
Kobayashi-Maskawa matrix element jVcdj to be fηþð0ÞjVcdj ¼ 0.087� 0.008stat � 0.002syst. Taking the
input of jVcdj from the global fit in the standard model, we determine fηþð0Þ ¼ 0.39� 0.04stat � 0.01syst.
On the other hand, using the value of fηþð0Þ calculated in theory, we find jVcdj ¼
0.242� 0.022stat � 0.006syst � 0.033theory.

DOI: 10.1103/PhysRevLett.124.231801

In the standard model (SM), the couplings between three
families of leptons and gauge bosons are independent of
lepton flavors. This property is known as lepton flavor
universality (LFU) [1–4]. Semileptonic (SL) decays of

pseudoscalar mesons, which are well understood in the SM,
offer an ideal platform to test LFU and search for new
physics effects. In the past decade, the BABAR, Belle,
and LHCb collaborations reported anomalies in LFU tests
with various SL B decays. The measured branching
fraction (BF) ratios Rτ=l ¼ BB→D̄ð�Þτþντ=BB→D̄ð�Þlþνl
(l ¼ μ, e) [5–11] deviate from the SM predictions by
3.1σ [12]. Various models [2,13–17] were proposed to
explain these differences. In view of this, scrutinizing the
ratios of the semimuonic D decay BFs over their corre-
sponding semielectronic counterparts offers important
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complementary tests of e-μ LFU. Recently, BESIII reported
tests of LFU with the SL decays D → K̄lþνl [18,19]
and D → πlþνl [20]. Using the world averaged BFs [21],
the difference between the BF ratio of D → πlþνl
decays which are mediated via c → dlþνl (Rc→d

μ=e ¼
BD→πμþνμ=BD→πeþνe) and the SM prediction is below 2σ.
Meanwhile, there is still no experimental confirmation of
the Dþ → ημþνμ decay, although it was predicted in the
quark model 30 years ago [22]. Verification of Rc→d

μ=e with
Dþ → ηlþνl decays, which is also mediated via
c → dlþνl, is key to clarifying these situations. In this
Letter, we report a complementary test of LFU with
Dþ → ηlþνl decays based on the first measurement of
the BF of Dþ → ημþνμ. Throughout this Letter, charge
conjugate channels are always implied. The BF obtained
will also be important for the determination of the
η-η0 mixing angle, which will benefit the understanding
of nonperturbative quantum-chromodynamics (QCD)
effects [23].
The investigation of Dþ → ημþνμ decay dynamics

allows the determination of the c → d Cabibbo-
Kobayashi-Maskawa (CKM) matrix element jVcdj and
the hadronic form factor (FF) fηþð0Þ. The value of fηþð0Þ
has been calculated with various approaches, e.g., QCD
light cone sum rules (LCSR) [24–26], light front quark
model (LFQM) [27], covariant confined quark model
(CCQM) [28,29], and relativistic quark model (RQM)
[30]. The predicted values vary in a wide range from
0.36 to 0.71. According to Refs. [31,32], the predicted FFs
of the SL D decays are expected to be insensitive to the
spectator quark. Measurement of the hadronic FF in Dþ →
ημþνμ decay can be used to distinguish between these
calculations. The predicted FF that passes the experimental
test is useful to determine jVcdj. Conversely, measurements
of SL D decay hadronic FFs help constrain lattice QCD
calculations and lead to more reliable calculations of the
hadronic FFs of SL D and B decays, which are crucial to
accurately determine CKM parameters [31–34], and test
the unitarity of the CKM matrix.
In this analysis, we use a data sample corresponding

to an integrated luminosity of 2.93 fb−1 [35] taken at the
center-of-mass energy

ffiffiffi
s

p ¼ 3.773 GeV with the BESIII
detector. Details about the design and performance of the
BESIII detector are given in Ref. [36]. Simulated samples
produced with the GEANT4-based [37] Monte Carlo (MC)
package, which includes the geometric description of the
BESIII detector and the detector response, are used to
determine the detection efficiency and to estimate the
backgrounds. The simulation includes the beam energy
spread and initial state radiation in the eþe− annihilations
modeled with the generator KKMC [38]. The inclusive MC
samples consist of the production of D0D̄0, DþD−, and
non-DD̄ decays of the ψð3770Þ, the initial state radiation
production of the J=ψ and ψð3686Þ states, and the

continuum processes incorporated in KKMC [38]. The
known decay modes are modeled with EVTGEN [39] using
BFs taken from the particle data group [21], and the
remaining unknown decays from the charmonium states
with LUNDCHARM [40]. The final state radiation from
charged particles is incorporated with the PHOTOS package
[41]. The vector hadronic FF of the SL decay Dþ → ημþνμ
is simulated with the modified-pole model [42], where the
parameter α of the vector hadronic FF is set to be that of
Dþ → π0eþνe measured by BESIII [43], and the pole mass
is set at the nominal D�þ mass [21].
The analysis is performed with the double-tag (DT)

method, benefiting from the advantage of DþD− pair
production at

ffiffiffi
s

p ¼ 3.773 GeV. If a D− meson [called
single-tag (ST) D− meson] is fully reconstructed by the
hadronic decays D− → Kþπ−π−, K0

Sπ
−, Kþπ−π−π0,

K0
Sπ

−π0, K0
Sπ

þπ−π−, and KþK−π−, the presence of a
Dþ meson is guaranteed. If the Dþ → ημþνμ decay can
be found in the system recoiling against an ST D− meson,
the candidate event is called a DT event. The BF of the SL
decay is determined by

BDþ→ημþνμ ¼ NDT=ðNtot
ST · εSL · Bη→γγÞ; ð1Þ

where Ntot
ST and NDT are the yields of the ST and DT

candidates in data, respectively, and Bη→γγ is the BF of the
η → γγ decay. The εSL ¼ Σi½ðεiDTNi

STÞ=ðεiSTNtot
STÞ� is the

effective signal efficiency of finding Dþ → ημþνμ decay in
the presence of the ST D− meson. Here i denotes the tag
mode, and εST and εDT are the efficiencies of selecting the
ST and DT candidates, respectively.
This analysis uses the same K�, π�, K0

S, γ, and π0

selection criteria as those employed in Refs. [18,20,44–47].
The ST D− mesons are distinguished from combinatorial
backgrounds by using the energy difference ΔE≡
ED− − Ebeam and the beam-constrained mass MBC ≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − jp⃗D− j2

p
. Here, Ebeam is the beam energy, and

ED− and p⃗D− are the total energy and momentum of the ST
D− candidate in the eþe− center-of-mass frame. If multiple
combinations for an ST mode are present in an event, the
combination with the smallest jΔEj per tag mode per
charge is retained for further analysis. The candidates are
required to satisfy ΔE ∈ ð−0.055; 0.045Þ GeV for the tags
containing π0 andΔE ∈ ð−0.025; 0.025Þ GeV for the other
tags. For each tag mode, the yield of ST D− mesons is
determined from the maximum likelihood fit of the MBC
distribution of the accepted candidates. In the fit, the signal
and background are described by an MC-simulated shape
and an ARGUS function [48], respectively. To take into
account the resolution difference between data and MC
simulation, the MC-simulated signal shape is convolved
with a double-Gaussian function. The widths and relative
abundances of the Gaussian components are free param-
eters of the fit. The resulting fits of theseMBC distributions
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are exhibited in Fig. 1. The candidates with MBC ∈
ð1.863; 1.877Þ GeV=c2 are kept for further analysis. The
total yield of ST D− mesons is Ntot

ST ¼ 1522474� 2125stat.
At

ffiffiffi
s

p ¼ 3.773 GeV, the Dþ and D− mesons are in
back-to-back direction. The Dþ → ημþνμ candidates are
selected in the sides recoiling against the ST D− mesons. It
is required that there is only one charged track available for
muon identification. The muon candidate is required to
satisfy jVxyj < 1 cm and jVzj < 10 cm, where jVxyj and
jVzj are the distances of closest approach to the interaction
point of the reconstructed track in the transverse plane and
along the axis of the drift chamber, respectively. Its polar
angle (θ) with respect to the axis of the drift chamber must
be within j cos θj < 0.93.
Muon identification uses information from the time-of-

flight and the electromagnetic calorimeter, as well as the
specific ionization energy loss measured in the main drift
chamber. The combined confidence levels for various
particle hypotheses (CLi, i ¼ e, μ, and K) are calculated.
Muon candidates are required to satisfy CLμ > 0.001,
CLμ > CLe, and CLμ > CLK . To reduce misidentification
between hadrons and muons, the deposited energy in the
electromagnetic calorimeter of the muon candidate is
required to be within (0.105, 0.275) GeV, since it is
expected to concentrate around 0.2 GeV.
The η candidates are reconstructed via the η → γγ decay.

The invariant mass of the γγ candidate is required to be
within ð0.510; 0.570Þ GeV=c2. To improve momentum
resolution, a one-constraint kinematic fit is done on the
selected photon pair, whose invariant mass is constrained to
the η nominal mass (mη) [21].
Due to the misidentification of pions as muons, some

hadronicDþ decays survive the above selection criteria. To
suppress the peaking backgrounds fromDþ → ηπþ decays,
we require the ημþ invariant mass (Mημþ) to be less than
1.74 GeV=c2. To reject the backgrounds containing π0,
e.g., Dþ → ηπþπ0, we require that the maximum energy of

any extra photon (Emax
extra γ) is less than 0.30 GeVand there is

no extra π0 (Nextra π0) in the candidate event. Here, the extra
photon and π0 denote the ones which have not been used in
the DT selection.
The number of SL decays is determined using a

kinematic quantity defined as Umiss ≡ Emiss − jp⃗missj,
which is expected to peak around 0 for the correctly re-
constructed signal events. Here, Emiss ≡ Ebeam − Eη − Eμþ

and p⃗miss ≡ p⃗Dþ − p⃗η − p⃗μþ are the missing energy and
momentum of the DT event in the eþe− center-of-mass
frame, in which EηðμþÞ and p⃗ηðμþÞ are the energy and
momentum of the η (μ) candidates. The Umiss resolution
is improved by constraining the Dþ energy to the beam

energy and p⃗Dþ ≡ −p̂D−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam −m2

Dþ

q
, where p̂D− is the

unit vector in the momentum direction of the ST D− and
mDþ is the Dþ nominal mass [21].
Figure 2(a) shows the Umiss distribution of the accepted

DT events in data. The SL decay yield is obtained from an
unbinned fit to the Umiss distribution, where the SL signal,
peaking backgrounds of Dþ → ηπþπ0, and nonpeaking
backgrounds (including a small contribution from wrongly
reconstructed ST candidates) are described by the corre-
sponding MC-simulated shapes. The yields of the signal
and nonpeaking backgrounds are free parameters of the fit,
while the yield of the peaking background from Dþ →
ηπþπ0 decays is fixed based on MC simulation. The fit
result is shown in Fig. 2(a). From the fit, we obtain the yield
of DT events NDT ¼ 234� 22stat. The statistical signifi-
cance, calculated by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2lnðL0=LmaxÞ

p
, is found to be

greater than 10σ. Here, Lmax and L0 are the maximal
likelihood of the nominal fit and that of the fit without
signal component, respectively.
Table I of the Supplemental Material [49] shows tag

dependent numbers of Ni
ST, ϵ

i
ST, and ϵiDT. The average
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efficiency of detecting Dþ → ημþνμ decays is εSL ¼
0.3752� 0.0013. Here, the efficiency does not include
the BF of the η → γγ decay. To verify the reliability of the
efficiency determination, we have compared distributions
of momenta and cos θ of the η and μþ of the selected
Dþ → ημþνμ candidate events between data and MC
simulation, and they are in good agreement.
Inserting NDT, εSL, Ntot

ST, and the world average of
Bη→γγ ¼ 0.3941� 0.0020 [21] into Eq. (1), we obtain

BDþ→ημþνμ ¼ ð10.4� 1.0stat � 0.5systÞ × 10−4:

In the BF measurement, the systematic uncertainties
arise from the following sources. The uncertainty in the
total yield of ST D− mesons has been studied in
Refs. [18,20,44], and is assigned as 0.5%. The muon
tracking (PID) efficiencies are studied by analyzing
eþe− → γμþμ− events, and the muon tracking (PID)
efficiency uncertainty is taken as 0.2% (0.2%) per muon,
where the data and MC differences of the two-dimensional
(momentum and cos θ) distributions of the control samples
have been reweighted by those of the Dþ → ημþνμ signal
decays. The uncertainty of η reconstruction is assumed to
be 2.0%, the same as π0 reconstruction, which was studied
with DT DD̄ hadronic decays of D0 → K−πþ, K−πþπþπ−

vs D̄0 → Kþπ−π0, K0
Sπ

0 [18,44]. The uncertainties of the
requirements of Emax

extraγ andNextra π0 are estimated to be 2.3%
by analyzing the DT candidate events of Dþ → ηπþ and
π0eþνe. The uncertainty due to the Mημþ requirement is
evaluated by replacing the nominal requirement with
Mημþ < 1.69 GeV=c2 or Mημþ < 1.79 GeV=c2, and the
associated uncertainty is found to be negligible. The
uncertainty in the Umiss fit is assigned to be 3.7%, which
is estimated with alternative signal and background
shapes. For alternative background shapes, the uncer-
tainty due to the peaking background of Dþ → ηπþπ0 has
been taken into account via varying the quoted BF by
�1σ. The uncertainty due to the limited MC statistics
is 0.5%. The uncertainty in the MC model, 0.3%, is
assigned as the difference between our nominal DT
efficiency and the DT efficiency determined by reweight-
ing the q2 (q ¼ pDþ − pη is the total four momentum
of μþνμ) distribution of the signal MC events using
the FF parameters obtained from data. Adding these

uncertainties quadratically yields the total systematic
uncertainty to be 4.9%.
To study the dynamics in Dþ → ημþνμ decay, the SL

candidate events are divided into five q2 intervals:
(0.0,0.25), (0.25,0.5), (0.5,0.75), (0.75,1.0), and
½1.0; ðmDþ −mηÞ2� GeV2=c4. The partial decay rate in
the ith q2 interval, ΔΓi

measured, is determined by

ΔΓi
measured ¼ Ni

produced=ðτDþNtot
STÞ; ð2Þ

whereNi
produced is theD

þ → ημþνμ signal yield produced in
the ith q2 interval in data, τDþ is the lifetime of Dþ, Ntot

ST is
the total yield of ST D− mesons, and

Ni
produced ¼

XNintervals

j

ðε−1ÞijNj
observed; ð3Þ

where Nj
observed is theD

þ → ημþνμ signal yield observed in
the jth q2 interval and ε is the efficiency matrix (Table II of
the Supplemental Material [49]) given by

εij ¼
X
k

½ðNij
reconstructedNSTÞ=ðNj

generatedεSTÞ�k=Ntot
ST: ð4Þ

Here, Nij
reconstructed is the Dþ → ημþνμ signal yield gener-

ated in the jth q2 interval and reconstructed in the ith q2

interval, Nj
generated is the total signal yield generated in the

jth q2 interval, and the index k sums over all ST modes.
Ni

observed is obtained from the fit to the Umiss distribution
of the Dþ → ημþνμ candidate events in the ith q2 interval.
The fit results of the Umiss distributions in various intervals
are shown in Figs. 2(b)–2(f), and the partial decay rates
obtained are shown in Fig. 3.
With the ΔΓi

measured obtained above and the partial decay
rate ΔΓi

expected predicted by theory, the χ2 is constructed as

χ2 ¼
X5
i;j¼1

ðΔΓi
measured − ΔΓi

expectedÞC−1
ij

× ðΔΓj
measured − ΔΓj

expectedÞ; ð5Þ

where Cij ¼ Cstat
ij þ Csyst

ij is the covariance matrix of the
measured partial decay rates among q2 intervals, and

ΔΓi
expected ¼

Z
q2
maxðiÞ

q2
minðiÞ

8<
:
G2

FjVcdj2
24π3

·
ðq2 −m2

μÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
η −m2

η

q
q4m2

D

��
1þ m2

μ

2q2

�
m2

DðE2
η −m2

ηÞjfηþðq2Þj2
�9=
;dq2; ð6Þ
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where GF is the Fermi coupling constant; mμ is the μþ
mass; jp⃗ηj and Eη are the momentum and energy of η in the
rest frame of Dþ, respectively; the vector hadronic FF
fηþðq2Þ is formulated following Ref. [50]. Here, the scalar
hadronic FF fη0ðq2Þ has been ignored due to negligible
sensitivity with limited data.
The FF of fηþðq2Þ can be parametrized by the series

expansion [51], which was widely used in previous
analyses and verified to be consistent with constraints
from QCD [52–54]. Due to limited data, we adopt the two-
parameter series expansion form

fηþðq2Þ ¼
fηþð0ÞPð0ÞΦð0; t0Þ
Pðq2ÞΦðq2; t0Þ

·
1þ r1ðt0Þzðq2; t0Þ
1þ r1ðt0Þzð0; t0Þ

; ð7Þ

where t0 ¼ tþð1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t−=tþ

p Þ, t� ¼ ðmDþ �mηÞ2, and
the functions Pðq2Þ, Φðq2; t0Þ, and zðq2; t0Þ are defined
following Ref. [51].
The statistical covariance matrix is constructed as

Cstat
ij ¼

�
1

τDþNtot
ST

�
2X

n

ε−1in ε
−1
jn ½σðNn

obsÞ�2; ð8Þ

where n sums from 1 to 5 intervals. The systematic
covariance matrix is obtained by summing over that of
each systematic uncertainty source, which is taken as

Csyst
ij ¼ δðΔΓi

measuredÞδðΔΓj
measuredÞ; ð9Þ

where δðΔΓi
measuredÞ is the systematic uncertainty of the

partial decay rate in the ith q2 interval. The systematic
uncertainties arising from Ntot

ST, τDþ , muon tracking and
PID, η reconstruction, as well as Emax

extraγ and Nextra π0

requirements are taken to be common across all the q2

intervals; while the others are determined separately in each
q2 interval as above.
Minimizing the χ2 in Eq. (5) gives the product of

fηþð0ÞjVcdj and the first order coefficient r1 to be 0.087�
0.008stat � 0.002syst and −0.9� 2.7stat � 0.2syst, respec-
tively. The nominal fit parameters are taken from the fit
with the combined statistical and systematic covariance
matrix, and their statistical uncertainties are taken from the
fit only with the statistical covariance matrix. For each
parameter, the systematic uncertainty is obtained by cal-
culating the quadratic difference of uncertainties between
these two fits. The fit result is shown in Fig. 3 and the
goodness of fit is χ2=NDOF ¼ 1.0=3, where NDOF is the
number of degrees of freedom. The fηþð0ÞjVcdj measured
in this work is consistent with the measurements using
Dþ → ηeþνe by CLEO [55] and BESIII [56].
Using our product of fηþð0ÞjVcdj and the fηþð0Þ calcu-

lated in Ref. [29] leads to jVcdj ¼ 0.242� 0.022stat�
0.006syst � 0.033theory. This result is consistent with our
previous measurements of jVcdj via Dþ → lþνl [57,58]
and D0ðþÞ → π−ð0Þeþνe [43,54]. Conversely, using our
product of fηþð0ÞjVcdj and the jVcdj¼0.22438�0.00044
given by CKMFitter [21] yields fηþð0Þ ¼ 0.39� 0.04stat�
0.01syst. Table I shows comparison of our BF and hadronic
FF with various theoretical calculations for Dþ → ηlþνl.
Our BF result disfavors the prediction in Ref. [26] by 2.6σ
but agrees with the other predictions [24,25,28,30,59]
within 1.5σ. Our result for fηþð0Þ agrees well with the
predictions in Refs. [25,29]. However, it clearly rules out
the prediction in Ref. [27], and disfavors the predictions
in Refs. [24,26,28,30] by about 2.4 − 3.8σ. Using our
fηþð0Þ and the world average of fπþð0Þ ¼ 0.6351� 0.0081
[12], we determine the hadronic FF ratio to be
fηþð0Þ=fπþð0Þ ¼ 0.61� 0.06stat � 0.02syst. This provides a

TABLE I. Comparison of our BF (in ×10−4) and hadronic FF with various theoretical calculations for Dþ → ηlþνl. The first and
second uncertainties are statistical and systematic, respectively. Theoretical calculations listed in the table assume no gluon component
for η0. Numbers marked with � denote that the predicted BDþ→ηeþνe is listed due to no predictions for Dþ → ημþνμ in Refs. [25,26].

This work
LCSR
[24]

LCSR
[25] LCSR [26] LFQM [27]

CLFQM
[59]

CCQM
[28]

CCQM
[29]

RQM
[30]

BDþ→ημþνμ 10.4� 1.0� 0.5 8.4þ1.6
−1.4 14� 11� 24.5� 5.3� … 12� 1 9.12 … 12.1

Difference (σ) … 1.0 0.3 2.6 … 1.1 1.1 … 1.5

fηþð0Þ 0.39� 0.04� 0.01 0.56þ0.06
−0.05 0.43þ0.17

−0.14 0.55� 0.05 0.71� 0.01 … 0.67� 0.11 0.36� 0.05 0.547
Difference (σ) … 2.5 0.3 2.5 7.5 … 2.4 0.5 3.8
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FIG. 3. (a) Fit to the partial decay rates and (b) projection to
fηþðq2Þ for Dþ → ημþνμ. Dots with error bars are data, and the
solid curves are the fit results.
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valuable constraint to improve the calculations of these
hadronic FFs in lattice QCD.
In summary, the SL decay Dþ → ημþνμ has been

observed by analyzing 2.93 fb−1 of data collected atffiffiffi
s

p ¼ 3.773 GeV. The absolute BF of this decay is
determined for the first time to be BDþ→ημþνμ ¼
ð10.4� 1.0stat � 0.5systÞ × 10−4. Using the world averaged
value of BDþ→ηeþνe ¼ ð11.4� 1.0Þ × 10−4 gives the BF
ratio Rμ=e ¼ BDþ→ημþνe=BDþ→ηeþνe ¼ 0.91� 0.13, where
the uncertainty is the sum in quadrature of the statistical
and systematic errors, but dominated by the statistical error.
This result agrees with the SM predictions (0.97–1.00)
[24,29,59], thereby implying no LFU violation within
current sensitivity. The obtained BF can be used to
determine the η-η0 mixing angle once BDþ→η0μþνe is mea-
sured with large data samples [60,61] in the near future. By
analyzing the dynamics of Dþ → ημþνμ decay, the product
of fηþð0ÞjVcdj has been determined to be 0.087�
0.008stat � 0.002syst. Combining necessary inputs, we have
obtained fηþð0Þ ¼ 0.39� 0.04stat � 0.01syst and jVcdj ¼
0.242� 0.022stat � 0.006syst � 0.033theory. The obtained
fηþð0Þ provides important data to test various theoretical
calculations, while the obtained jVcdj is valuable for the
CKM matrix unitarity test.
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